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EFFECT OF PIECEWISE LINEAR
CURRENT WAVEFORMS ON SURGE

ARRESTER RESIDUAL VOLTAGE

IIpusedeni pesyrvmamu 0ocnioncenns ounamiunoi mooeri Heliniiun0z0 0OMeNysaua nepenanpye.
Modemosanns euxonamne 3a donomozorw demoncmpayiunoi eepcii npozpamu Micro-Cap 11. Yemanos-
JIeHO0, W0 015 WEUOKOT OUIHKU BeIUMUNY 3ATUWKOB0T HANPY2U HA HEATHIIHOMY 00MENCYBayi nepenanpye
MONHCHA BUKOPUCTOBYBAMU KYCOUHO-TIHIUHULL ONUC KOMYMAUTUHUX A 2DO30BUX IMNYIbCIE cmpymy be3

ICMoOmHOoL empamu MouHOCMi Pe3yibmamis.

Kmouosi cnosa: cxemomexniune modenosanns, HeliniUHuLl 00MeNcyeay nepenanpyz, 3aiuuKosa

Hanpyza, KYycouHo-1iHitna gopma.

1. Introduction

When solving lightning protection problems, various
analytic expressions are used to approximate the current in
the lightning channel. Undoubtedly, the correct choice of
the approximation type of the lightning current waveform
in the discharge channel is one of the components of the
reliability of obtained results. At the same time, approxi-
mations of the lightning current waveform, which do not
always accurately describe the actual current in the lightning
channel, can give quite acceptable results. As such example
can be mentioned a well-known double-exponential pulse,
which has been used for many years to approximate both
current and voltage waveforms. The double-exponential pulse
has a time derivative different from zero value at the initial
instant of time. At the same time, it is known from the
real oscillograms of lightning currents that the lightning
current waveform is characterized by a zero value of the
time derivative at the initial instant of time. Nevertheless,
the use of a double-exponential pulse gives acceptable re-
sults. For example, it was shown in [1] that regardless of
whether the current wave has a zero time derivative at the
initial instant of time or not, this doesn’t affect the residual
voltage of the surge arrester. In order for the analytical
form of the current to be used in practice, it is first neces-
sary to calculate the amplitude-time parameters of the pulse
wave from the given time-to-crest and time-to-half duration
of the impulse. For example, the above-mentioned double-
exponential wave has three such parameters: a normalizing
factor for the wave amplitude and two damping coefficients
of the exponents. With the complication of the analytical
expression of the lightning current, the definition of its
amplitude-time parameters becomes more complicated [2].
When using piecewise linear functions, the problem is much
simpler. It is considered that the current wave rises linearly
to its maximum value, and then also decays linearly to half
its amplitude value. This is undoubtedly a simplification,
since it becomes possible to specify pulses with any ratio
of time-to-crest and time-to-half duration without complex
calculations. It is assumed that the current in the lightning
channel can be approximated by a triangular pulse, since the
duration of the front is shorter than the tail duration. In
particular, triangular pulses are often used in assessing the

energy capability of the surge arresters [3]. In connection
with this, it is important to study the feasibility of applying
piecewise linear current and voltage pulses to estimate the
possible values of lightning and switching overvoltage.

2. The ohject of research and its
technological audit

The object of research is the magnitude and shape of the
residual voltage that arises between the terminals of the
surge arrester models when they are subjected to current
and voltage pulses of a piecewise linear waveform. One of
the most problematic places in this problem is the approxi-
mation of current switching pulses with a short duration
and also steep front current pulses. With the help of the
well-known double-exponential pulse, it is impossible to de-
scribe a pulse which time-to-half duration 7, is twice bigger
the time-to-crest duration 7;. At the same time, switching
current pulses in the manufacturer catalogs of the surge ar-
resters have exactly this ratio (30/60 or 45/90 us ). Also the
value of the residual voltage at a steep front current pulse
with wave shape 1/2 us and the same ratio are taken place.
A rather complex expression was used in [4] to approxi-
mate the pulse with the wave shape 45/90 us. With the
help of piecewise linear approximation, it is possible, by-
passing complex calculations, to describe pulses of almost
any shape, including switching current pulses, steep front
current pulses and chopped voltage pulses. In the catalogs
of their products, surge arrester manufacturers indicate sev-
eral values of the residual voltage on the surge arrester at
switching and lightning current pulses of different wave
shapes and amplitudes. In one or another circuit simulation
program, it is possible to determine the residual voltage
on the surge arrester at the switching and lightning cur-
rent pulses of a piecewise linear waveform. The subsequent
comparison of these results with the values indicated in the
catalog will allow to evaluate the applicability of pulses of
this form.

3. The aim and ohjectives of research

The aim of research is to estimate the error in calcu-
lating the residual voltage of surge arrester when using
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piecewise linear functions to approximate the wave shape
of current and voltage waves affecting the surge arresters
during lightning strikes.

The following objectives were set to reach this aim:

1. Define residual voltage (and corresponding calcula-
tion error) on the surge arrester during the passage of
switching, lightning and steep front current pulses of
piecewise linear waveform.

2. Compare these results with the values of the re-
sidual voltage obtained earlier in paper [4] when used
current pulses, approximated by smooth (continuously
differentiable) functions.

4. Research of existing solutions
of the prohlem

A review of various analytic expressions for the lightning
current pulse in the discharge channel is given in pa-
pers [2, 5]. A single common formula for different tasks
doesn’t exist. To determine the energy capability of the
surge arresters, as well as to assess the failure probability
of a surge arrester when lightning strikes in papers [3,
6-9] were used current waves that rise and decay linearly.
In [10], to determine the voltage at the top of transmis-
sion line tower when a direct lightning strike, were also
used current waves that rise and decay linearly. In [11],
to calculate multiple reflections and refractions of an elec-
tromagnetic wave in a branched cable distribution network,
was used a similar triangular voltage pulse, increasing and
decaying linearly. It is recommended in papers [12, 13]
before using the model of surge arrester in realistic power
circuits, to test it using triangular, that is, piecewise linear
current pulses.

Thus, the results of the analysis allow to conclude
that the influence of currents with the piecewise linear
waveform on the residual voltage of the surge arresters
remains insufficiently studied.

5. Methods of research

To achieve objectives that were set such research method
was applied: piecewise linear approximation and circuit
simulation on personal computer. The main material in
this research is dynamic surge arrester model.

6. Research resulis

As well as in their previous publications [1, 4], authors
continue work on surge arrester modeling by means of
the evaluation version of Micro-Cap 11 circuit simulator
developed by Spectrum Software Company (United States
of America) [14]. The main research circuit is shown in
Fig. 1. This circuit corresponds to simplified surge ar-
rester model [15].

In Fig. 1 R, L and L, — linear, G, and G, — non-
linear elements of surge arrester model. The procedure of
calculation of these parameters is described in [15]. In
papers [1, 4] two equivalent ways of metal-oxide surge
arrester modeling in the demonstration version of Micro-
Cap 11 are presented:

1) with a use of voltage-controlled current sources
(NTIofV);

2) with a use of current-controlled voltage sources
(NTVofT).

L1 L2

NTGDGI

®n 3u i (§) 62

Fig. 1. Surge arrester simulation in Micro-Cap 11 evaluation version
using voltage-controlled current sources (NTIofV) &; and &,

As both ways are equivalent, for research in this work
only one of them is chosen. This way use only voltage-
controlled current sources (NTIofV). In this work as well
as in paper [4] the same model of surge arrester with the
rated voltage 108 kV is used. According to [4], induc-
tive parameters of this model are following: L, =0.947 uH
and L,=2.842uH. The parallel resistor R, has a large
value — from 1 MQ [1, 15] to 1000 MQ [4, 12] and
is placed in the circuit to avoid computational troubles.
Current source I, in Fig. 1 is a table-defined piecewise
linear current source.

Fig. 2 shows various switching current pulses with
wave shape 45/90 us and corresponding curves of residual
voltage obtained in simulation.

Values of triangular current and voltage sources used
in this research are shown in Table 1 (in accordance with
Micro-Cap syntax [14]).

Fig. 3 shows various lightning current pulses with the
wave shape 8/20 us and corresponding curves of residual
voltage obtained in simulation.

Residual voltage between surge arrester terminals reaches
its maximum values at 20 kA lightning current with wave
shape 8/20 us (Fig. 4, a) and at 10 kA steep front cur-
rent with wave shape 1/20 us (Fig. 4, b).

The maximum values of residual voltage curves in
Fig. 2—4, at the passage of triangular current pulses through
the surge arresters are shown in Table 2. For comparison in
Table 2, analogous values taken from paper [4] are shown
in brackets, but at use of smooth (continuously differen-
tiated) functions for the discharge current approximation.
Simulation relative error in Table 1, 2 was determined
using the following formula:

_ VI‘,Tt/TQ _‘777'1/7'2

3 100 %, (1)

Vr'li /Ty

where V7 5, — residual voltage value at the passage of cur-
rent pulse with the wave shape T; /T, us through the surge
arrester, received in simulation; V.5, 5, — corresponding value
taken from the catalog of surge arresters.

As can be seen from Table 2, the simplification of
discharge current waveform has no significant effect on
relative calculation error of residual voltage of surge ar-
rester. Time-to-crest duration and current amplitude, but
not time-to-half duration, has main effect on the value
of residual voltage of surge arrester. Therefore, if it is
necessary to estimate only maximum value of residual
voltage, it is possible to use impulse of current which
will look like an isosceles triangle [12, 13]. Such pulse
has rise time to maximum value equal to fall time to zero
value and accordingly equal to pulse front duration. This
feature is shown in Fig. 5.
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Fig. 2. Residual voltage (at the bottom) at various switching current pulses (at the top) with wave shape 45/90 s and different amplitude passing through
the surge arrester: a — 0.25 kA; b — 0.50 kA; c — 1.0 kA; d - 2.0 kA

Tahle 1

Triangular pulses in the research

No. | Pulse (amplitude, wave shape) | Source value in Micro-Cap 11 evaluation version
Current pulses (for source in Fig. 1)
1 0.25 kA, 45/90 ps DC 0 AC 10 PWL G, O, 45e-6, 0.25e3, 1.35e-4, 0
2 0.5 kA, 45/90 pus DC 0 AC 1 0 PWL G, O, 45e-6, 0.50e3, 1.35e-4, 0
3 1.0 kA, 45/90 us DCOAC10PWLDO, 0, 45e-6, 1.0e3, 1.35e-4, 0
4 2.0 kA, 45/90 pus DC O AC 10 PWL O, O, 45e-6, 2.0e3, 1.35e-4, 0
5 1.5 kA, 8/20 pus DC O AC 1 0 PWL G, O, 8e-6, 1.5e3, 3.2e-5, 0
6 3.0 kA, 8/20 ps DC O AC 1 0 PWL G, O, 8e-6, 3.0e3, 3.2e-5, 0
7 5.0 kA, 8/20 ps DC O AC 1 0 PWL G, O, 8e-6, 5.0e3, 3.2e-5, 0
8 10.0 kA, 8/20 us DCOAC10PWLDO, 0O, 8e-6, 10.0e3, 3.2e-5, 0
9 20.0 kA, 8/20 pus DC O AC 10 PWL G, O, 8e-6, 20.0e3, 3.2e-5, 0
10 10.0 kA, 1/20 us DC O AC10PWLDG, 0O, 1e-6, 10e3, 3.8e-5, 0
Voltage pulse (for source in Fig. 6)
11 | 400.0 kV, 1.2/50 us | DC 0 AC 10 PWL G, 0, 1.2e-6, 400e3, 9.88e-5, 0
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Fig. 3. Residual voltage (at the bottom) at various lightning current pulses (at the top) with wave shape 8/20 s and different amplitude passing
through the surge arrester: a — 1.5 kA; b — 3.0 kA; c — 5.0 kA; 4 — 10.0 kKA
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Fig. 4. Besidual voltage (at the bottom) at various current pulses (at the top) passing through the surge arrester:
a — 20.0 kA lightning current with wave shape 8/20 ps; b — 10.0 kA steep front current with wave shape 1/20 us
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Tahle 2

Residual voltage of surge arrester at various current pulses (analogous values taken from paper (4]
are shown in brackets)

Maximum residual voltage, kV
No. | Current pulse (amplitude, wave shape) Relative error, %
catalog simulation
1 0.25 kA, 45/90 pus 206.0 228.30 (228.29) +10.83 (+10.82)
2 0.5 kA, 45/90 pus 214.0 234.31 (234.29) +9.49 (+9.48)
3 1.0 kA, 45/90 pus 223.0 246.08 (246.02) +10.35 (+10.32)
4 2.0 kA, 45/90 ps 236.0 254.55 (254.39) +7.86 (+7.79)
5 1.5 kA, 8/20 us 241.0 251.16 (250.56) +4.22 (+3.97)
B 3.0 kA, 8/20 us 254.0 263.69 (262.45) +3.81 (+3.33)
7 5.0 kA, 8/20 pus 263.0 272.02 (269.78) +3.43 (+2.58)
8 10.0 kA, 8/20 us 285.0 290.01 (286.33) +1.76 (+0.47)
9 20.0 kA, 8/20 pus 316.0 313.25 (307.69) -0.87 (-2.63)
10 10.0 kA, 1/20 us 315.0 313.51 (319.11) -0.47 (+1.30)
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Fig. 5. Residual voltage (at the bottom) at isosceles triangle current pulses (at the top) passing through the surge arrester:
a — 10.0 kA current with wave shape 8/12 us; b — 10.0 kA current with wave shape 1/1.5 us

The maximum value of residual voltage at the lightning
pulse 10.0 kA, 8/20 us (triangle, Fig. 3, d) is 290.01 kV.
At the simplified pulse 10.0 kA, 8/12 us (isosceles triangle,
Fig. 5, a) is obtained almost the same value 289.92 kV.
Analogously at the steep front current pulse 10.0 kA,
1/20 us (triangle, Fig. 4, b) the maximum value is equal to
313.51 kV. At the simplified pulse 10.0 kA, 1/1.5 us (iso-
sceles triangle, Fig. 5, b) we again obtain almost the same
value, equal to 313.42 kV.

The subject of the further research is process of over-
voltage suppression by surge arresters. The simplified cir-
cuit for determining of residual (limited) voltage of surge
arrester when surge wave comes is shown in Fig. 6.

In Fig. 6 R, — resistor representing a surge impe-
dance of an overhead transmission line (it is accepted
an equal to 300 Q); V; — piecewise linear waveform
voltage source (400.0kV amplitude and wave shape

1.2/50 us). The curves obtained in simulation, are shown
in Fig. 7.

As can be seen from Fig. 7, the surge arrester reduces
the peak value of transient overvoltage from 400.0 kV
to 238.77 kV. The peak voltage drop across the resistor
representing surge impedance is 161.23 kV.

I LN
+ - + -

R2 L1 L2

+ + +

Ju 3w UOR

(Y

NTGD G2

Fig. 6. Simulation of overvoltage suppression by surge arrester
in Micro-Cap 11 evaluation version
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Fig. 7. Overvoltage wave passing through the surge arrester:

a — incoming wave 400.0 kV, 1.2/50 ps; b — residual (limited) voltage
between surge arrester terminals

7. SWOT analysis of research resulis

Strengths. The strengths of the proposed approach are:
— reduction of time wasted by the user to calculate the
amplitude-time parameters of the given current pulse. It
is also shown that simplification of the approximation
of the discharge current wave has no significant effect
on obtained value of surge arrester residual voltage;
— increase in speed of computation on personal com-
puter. Circuit simulation software process circuits with
simple waveform current and voltage sources faster.
Weaknesses. The weaknesses of the proposed approach are:
— used functions differ from the real oscillograms of
lightning currents, characterized by a zero value of
the time derivative at the initial instant of time;
— simulation was performed in demonstration version
of Micro-Cap circuit simulator. In the professional ver-
sion there is no limitation on the maximum number of
elements in the circuit, and computations are performed
faster.
Opportunities. The additional possibilities of proposed
approach are:
— simple determination of current and voltage single
pulses with any amplitude and wave shape. For ex-
ample, pulses 1/2 us, 4/10 us, 2/70 us, 30/60 us,
10/350 us and others, which are used in practice of
lightning protection;
— modeling the lightning current consisting of several
consecutive impulses with the help of only one current
source in the circuit.

Threats. The proposed approach should not be used for
computation of overvoltage in complex branched electrical
networks. The proposed approach is positioned only as
auxiliary method rather than the main method of compu-
tation. Nevertheless, to use this method it is required the
employee knowing both the theory of linear and nonlinear
electric circuits and circuit simulation skills.

1. By means of evaluation version of Micro-Cap 11
circuit simulator the residual voltage on the surge arrester
terminals is computed during a passage of the current
pulses with different amplitude and wave shape. Current
sources used in this research represent sources of simpli-
fied triangular current pulses.

2. These obtained values of residual voltage were com-
pared with simulation results obtained earlier with a use
of current pulses, approximated by smooth (continuously
differentiable) functions. Comparison of the results sug-
gests that proposed simplification of discharge current
waveform has no significant effect on relative calculation
error of residual voltage on surge arrester.
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BNUAHKE TOKOB KYCOYHO-NHHEHHOH# ®OPMEI HA OCTAHLIEECH
HANPSKEHWE HEMMHEKHOr0 OrPAHMYMMTENA NMEPEHANPAMEHMIA

ITpuBesenbr pe3y IbTaThl NCCIEA0BAHIS AMHAMUYECKOI MO/l
HeTMHEHHOTO OTpaHNuYnTeNs HepeHanpsbkennii. Mozpenuposanme
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BBIITOJIHEHO C TIOMOII[BIO JIEMOHCTPAIIMOHHOW BEPCUU TIPOTPAMMBI
Micro-Cap 11. Ycranoieno, uto st GbICTPOI OIEHKN BEJTNYHHbI
OCTAIONIETOCST HATIPSKEHWS] HAa HEJMHEWHOM OrpaHuduTesNe mnepe-
HANPSUKEHUIT MOJKHO MCIOJIb30BAaTh KyCOYHO-JIMHEIHOE OlNCaHue
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INVESTIGATION OF PECULIARITIES
OF DECOMPOSITION OF TRACTION

ELECTRIC DRIVES OF MOBILE
ELECTROTECHNICAL COMPLEXES

Hocnionceno ocobiusocmi nposedenis 0eKoMno3uyii cucmem mszo6ux eieKmponpusoie Ons PisHux
8U0iI6 Ma KOHCMPYKUTH PYXOMUX eLeKMPOmexHiunux xomniexcie. IIposedeno ananiz npaxmuunozo
00c6i0y dexomno3uyii cucmem mszo6ux eieKkmponpusodic ma Y3azaivHeHHs MemoOuKu SUSHAUCHHS.
CMPYKMYypu ma napamempis npu 3a0anux 6uMozax 3 60Ky pyxomozo eieKmpomexHiunozo KoMnieKcy.
3anpononosano memood nidsuwenns enepzoehexmusHocmi OU3eib-2eHepamopHoi eleKmpoMexaniuioi
CUCmeMU MPAHCNOPMHO20 3ACO0Y 3G CIMAMUYHUMU MA OUHAMIYHUMU XAPAKMEPUCTUKAMU.

Kmovosi cnoBa: Jexomnosuiss erexmponpueoody, eieKmpomexHiunui KOMNIEKc, msazosutl npusoo,
ABMOHOMHA CUCTNEMA, OU3CNb-2eHePAMOPHA CUCTNEMA.

1. Introduction

A significant amount of work has been devoted to
improving the individual elements of the diesel-generator
electromechanical system. For example, in [1-4] the mu-
tual influence of separate groups of elements of common
industrial electric drives, in particular the redactor-traction
motor, the traction motor-reducer on the general poten-
tial of energy efficiency according to static characteristics
is shown. However, electric drives of vehicles are more
complex in structure, contain a larger number of groups
of interconnected elements. So they can have a greater

energy potential in the case of a mutual influence between
groups of these elements with static characteristics.
Solving the problem of increasing the energy poten-
tial of an electromechanical system is possible only in
a complex manner. At the same time, it is necessary to
consider the established mode of operation of the entire
system as a whole, taking into account the conditions
for the rational operation of its individual components,
provided that the relationship between them is taken into
account. After all, a fairly frequent practical situation is
when a rational operating mode of individual elements
of an electromechanical system and optimal control of
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